ABSTRACT: Algal pigment concentrations in the water colun~n of a southern Benguela kelp bed were measured d d y during summer and w n t e r using High Performance Liquid Chromatography (HPLC) and spectrophotometnc methods. Chlorophyll a concentrations estimated by HPLC were significantly lower than those estimated by the trichromatic equations of Jeffrey & Humphrey (1975; Biochem. Physiol. Pflanz. 167: 191-194), although differences were relatively small. There was no significant difference between chlorophyll a concentrabons estimated by HPLC and the spectrophotometric equation of Lorenzen (1967; Limnol. Oceanogr. 12: 243-246). Mean HPLC chlorophyll a concentrations were 1 64 pg 1-l in summer and 1.78 ,ug 1-' in ulnter. Previous spectrophotometric estimates of kelp bed chlorophyll a concentrabons were generally comparable to those determined by HPLC. In summer, 5 d pulses of southeasterly winds caused upwelhng of cold nutr~ent-rich water into the kelp bed, which resulted in phytoplankton blooms. Time series analysis indicated that HPLC chlorophyll a concentrations were positively correlated with the upwelling index of 5 d previously, swell height of the same day and sea temperature of the previous day. In winter, winds were mainly northwesterly, sea temperatures were stable, and chlorophyll a concentrations were negatively correlated with swell height of 2 d previously. Phaeopigment concentrations determined by the method of Lorenzen (1967) reached 7 04 pg 1-' and were significantly higher than phaeophytin a concentrations determined by HPLC, which rarely exceeded 2 pg 1-' Chlorophyllide a occurred in 57 % of summer samples and 43 % of winter samples, and was more prevalent than phaeophytin a. ChlorophyUlde a and chlorophyll a concentrabons of the same day were significantly correlated in both summer and winter. Fucoxanthn concentrations reached 5 35 ,ug I-' in winter and 2.04 pg 1-' in summer, and daily winter fucoxanthln concentrations were highly correlated with chlorophyll a concentrations. Fucoxanthin and chlorophyll c, pigments characteristic of kelps and diatoms, occurred in > 90 % of wlnter samples and in < 35 % of summer samples. The kelp bed particulate resource in winter was therefore qualitatively different from the summer particulate resource.
INTRODUCTION
On the west coast of South Africa frequent pulses of upwelling, generated by strong southeasterly winds, result in the rapid escalation of nutrient concentrations in the inshore and offshore regions. Once upwelling relaxes or downwelling occurs, phytoplankton production increases very rapidly in response to the high nutrient levels (Andrews & Hutchings 1980 , Field et al. 1980 , Carter 1982 , Brown & Field 1986 . Phytoplankton thus represents a potential food source for filter feeders in the inshore region. It has been estimated that phytoplankton contributes ca 50 O/o of the primary production in the inshore area (Newel1 et al. 1982) . Estimates of These methods may overestimate photosynthetically active pigment concentrations (Jacobsen 1978 , Mantoura & Llewellyn 1983 , Daemen 1986 .
Separation of algal pigments by High Performance Liquid Chromatography (HPLC) provides a method for accurate quantification of the various elements of the water column pigment matrix. HPLC has been used to analyse fluctuations in various components of the matrix as an indicator of physiological and structural changes in water column algal populations (Gieskes & Kraay 1983 , 1986a , b, Monteiro et al. 1986 , Burkill et al. 1987 , Klein & Sournia 1987 . Previous microscopic studies have indicated that the kelp bed phytoplankton population is dominated by diatoms (Field et al. 1980 , Barlow 1982 , Olivieri 1983 , Brown & Field 1985 . However, many delicate algal cells may be destroyed by preservation in traditional fixatives (Gieskes & Kraay 1983) and separation of photosynthetic pigments during diatom-dominated phytoplankton blooms has shown that other algal classes such as cryptomonads and green algae may play an important role in phytoplankton communities (Gieskes & Kraay 1983 , Klein & Sournia 1987 , Wright & Jeffrey 1987 . Using HPLC analyses of the chlorophyll-like pigments present during cyclical upwelling and downwelling events, the nature of changes in the growth and status of the phytoplankton population in the kelp bed system can be estimated.
The following work was carried out with 3 objectives: (1) to compare HPLC and spectrophotometric estimates of kelp bed chlorophyll a concentrations in order to assess whether previous values for chlorophyll a concentrations in the kelp bed area are overestimates; (2) to examine daily changes in the water column photosynthetic pigments with season and environmental variables, using time series analysis techniques; (3) to assess qualitative changes in the kelp bed water column pigment matrix as an indicator of the composition of the phytoplankton population.
MATERIALS AND METHODS
Sampling procedure: chlorophyll a. Water samples were collected daily at 08:OO h at 1 m depth from the rocky shore at Oudekraal, on the west coast of the Cape Peninsula, South Africa, for 52 d in November/ December 1984, which is the principal summer upwelling season (Andrews & Hutchings 1980) , and for 31 d in June/July 1985 (winter). Between 100 and 900 ml, depending on particulate load, was filtered by gentle hand pump filtration, in subdued light, first through a 200 pm mesh and then through Whatman GF/F filters. Each sample was analysed for algal pigments by HPLC and for chlorophyll a and phaeopigments by spectrophotometry. No magnesium carbonate wash was added to filters because it can bind chlorophyllides and phaeophytins (Daley et al. 1973) . After filtration, filter papers were folded, wrapped in aluminium foil and stored in liquid nitrogen until analysed.
Sea temperature was measured at the time of sample collection and a visual estimate made of swell height. Average daily wind speed and direction at a height 10 m above the sea surface were obtained from Koeberg weather station about 10 km north of the sample site. The longshore wind component was calculated according to the upwelling index where U = wind speed; 0 = wind direction; and 160 is the orientation of the Cape west coast (Jury 1980) . These were plotted on a scale of + l 0 to -10 where 0 represents the boundary between upwelling (+) and downwelling (-) .
Extraction of pigments. Solvents for extraction and chromatography were all of Analar grade. Pigments were extracted using 90% acetone. Filters were ground in 2.5 m1 90% acetone for 1 min with a motorized tissue grinder. The slurry was transferred to a centrifuge tube and centrifuged at 12 000 X g for 60 S. Chlorophyll a is converted to chlorophyllide a very rapidly, especially when samples contain a large proportion of diatoms (Jeffrey & Hallegraeff 1987) , so samples were extracted and analysed in the shortest possible time (ca 12 min).
HPLC analysis. Exactly 300 p1 of the acetone extract was removed with a Hamilton syringe and mixed with 100 ~1 of an ion-pairing reagent prepared from 1.5 g tetrabutyl-ammonium acetate and 7.7 g of ammonium acetate made up to 100 m1 with water (Mantoura & Llewellyn 1983) . The chromatographic separations were carried out using a Beckman HPLC system comprising 2 model 112 pumps and a 340 organiser, coupled to a Drew Scientific Chromatography Interface linked to an Apple IIC computer for both gradient control and peak integration. A Beckman model 165 variable wavelength detector was used with a wavelength setting of 440 nm. A 100 p1 injection loop was used and separations were canied out using a 7 cm Altex XL ODS reverse phase column with 3 pm packing. This column allowed the shortening of analysis time to 8.5 min without loss of resolution (Fig. l) , thus making the method suitable for large numbers of samples ). The composition of the 2 mobile phase solvents was as described by Mantoura & Llewellyn (1983) , but the gradient profile was changed to suit the shorter column.
Peaks were identified by comparison with pigment standards (Monteiro 1986 ) and calibration for the quantification of chlorophyll a and chlorophyllide a was camed out using a chlorophyll a standard (Sigma Chemical Company, Product code: C-6144) made up to known volume in 90 % acetone and stored at -20°C in the dark (Mantoura & Llewellyn 1983) . The corresponding concentrations of breakdown products, xanthophylls and carotenoids were determined using the ratios of the molar extinction coefficients of chlorophyll a and the known component of r = 440 nm ). Chlorophyll b, chlorophyll c, lutein and phaephorbide a were not quantitatively analysed but simply described as present or absent in the chromatograms. Lorenzen (1967) Hansen 1978, Rieman 1978). The cuvette was inverted twice and allowed to stand for 1 min before readings were taken at 750 and 665 nm.
Comparison of pigment concentrations. Chlorophyll a and phaeophytin a concentrations of the samples analysed by HPLC were compared with concentrations calculated spectrophotometrically using the Jeffrey & Humphrey (1975) trichromatic equations (chlorophyll a only) and the Lorenzen (1967) equations for chlorophyll a and phaeopigments, using a paired t-test (Statpro, Wadsworths). Time series analyses of the relationships between pigments and environmental variables were performed using Time Series Processor version 4.1 (Quantitative Software, USA). AR (1) models were fitted to data sets where serial correlation was a problem, and tests for significant correlations between data series were performed between the series of the residuals (Hall & Lilien 1986) .
RESULTS
Comparison of HPLC and spectrophotometric (1975) Changes in nitrate concentrations in the system during the time series have been described by Muir (1986) and the data on nitrate concentrations are from his work. In summer, pulses of strong southeasterly winds lasting ca 5 d caused upwelling of cold, nitrate-rich water into the kelp bed system and the chlorophyll a concentration in the inshore waters was low (ca 1 pg I-', Fig. 4A , B, D, E). However, when southeasterly winds relaxed or changed to northwesterly, phytoplankton growth in waters with a high nitrate content was rapid and chlorophyll a concentrations increased quickly (Fig. 4A , D, E).
In winter the wind generally blew from the northwest and sea temperatures remained stable (Fig. 5A, B) . It is evident from Fig. 5E that the pattern of fluctuations in winter chlorophyll a concentrations in the water was similar to that occurring in summer (Fig. 4E) . Chlorophyll a levels were generally low (ca 1 ltg I-') during northwesterly gales and when the northwesterly winds relaxed, rapid increases in both nitrates and chlorophyll a occurred (Fig. 5A, D, E) .
Time series analysis
In summer, sea temperature and swell height were negatively correlated with the upwelling index of the previous day (r = -0.442, p < 0.002 and r = -0.361, p < 0.01 respectively, df = 49). Summer sea temperatures were also positively correlated with the swell height of 2 d previously (r = 0.318, p < 0.05, df = 49), while winter sea temperatures were negatively correlated with swell height over a similar lag period (r = -0.406, p < 0.05, df = 28).
Summer chlorophyll a concentrations determined by HPLC were positively correlated with the upwelling index of 5 d previously (r = 0.295, p < 0.05, df = 49), swell height of the same day (r = 0.343, p < 0.02, Table 2 . There was a significant difference between phaeopigment concentrations determined by the Lorenzen (1967) method and phaeophytin a concentrations determined by HPLC (paired t-test, p < 0.001). The Lorenzen (1967) method indicated persistent phaeopigments in the water column, both in summer and winter, reaching concentrations of 7.04 pg I-'. Analysis by HPLC indicated that there were considerable periods when no phaeophytins were present and on only 2 occasions did concentrations exceed 2 pg 1-' (Figs. 6B & 7B) . Phaeophytin a and chlorophyll a concentrations of the same day were correlated in winter (r = 0.494, p < 0.01, df = 28). Hatched areas indicate periods of southeasterly winds of chlorophyllide a during the time series. Mean summer and winter concentrations of chlorophyllide a were higher than those of phaeophytin a ( Fig. ? A, D also shows that in winter, fucoxanthin maxima occurred at the same time as chlorophyll a maxima, and fucoxanthin and chlorophyll a concentrations of the same day were highly correlated (r = 0.718, p < 0.001, df = 28). In summer the 2 pigments were not significantly correlated (p > 0.05), and except for the last 9 d of the sampling period, fucoxanthin maxima occurred at different times to chlorophyll maxima (Fig. 6A, D) .
Minor pigments. The presence of minor pigments in the water column in summer and winter is shown in Table 3 . Chlorophyll c occurred in 93 % of winter samples and 33 % of summer samples while chlorophyll b occurred more commonly in summer than in winter. Lutein was not a major pigment in the particulate fraction.
DISCUSSION
It has been shown previously that spectrophotometric methods of estimating chlorophyll a in highly productive lakes and the estuarine benthos may overestimate chlorophyll a concentrations by factors of between 2 and 12.6 when compared with HPLC estimates (Jacobsen 1978 , Mantoura & Llewyllyn 1983 , Daemen 1986 ). However, there was fairly good correlation between spectrophotometric and HPLC results when samples were taken from the open sea (Mantoura & Llewellyn 1983 , Murray et al. 1986 ). In the nearshore environment at Oudekraal, estimations of chlorophyll a concentrations determined by the 3 methods did not differ greatly (Figs. 2 & 3) .
The discrepancy between trichromatic and HPLC estimations of chlorophyll a will be greatest when there is a build-up of pigment breakdown products such as chlorophyllides and phaeophorbides. Chlorophyllase activity is particularly vigorous in diatoms (Barret & Jeffrey 1964) . The reduced presence of fucoxanthin and chlorophyll c in the summer phytoplankton population (see 'Fucoxanthin' below) indicated that diatoms were not well represented in the summer phytoplankton blooms. Their absence together with the associated chlorophyllase activity would contribute to reducing Table 2 . Mean auxiliary pigment concentrations (f SD) in the the phytoplankton together with their associated kelp bed water column during summer and winter chlorophyll precursors and degradation products may remain in the system for only a brief time, thus reduc- the discrepancy between the 2 methods. Moreover, because of the wind regime, there is considerable movement of water into and out of the kelp bed system (Field et al. 1980) . Thus, although phytoplankton blooms occurred at regular intervals (Figs. 2 & 3) ,
Comparisons of previous estimates of kelp bed chlorophyll a with HPLC estimates
The chlorophyll a concentrations recorded using HPLC are similar to summer values of 0 to 10 pg 1-' recorded by Field et al. (1980) in the kelp bed area, using the SCOR-UNESCO (1966) trichromatic equations. Using the same methods, Brown (1984) and Brown & Field (1985) described values ranging from 0 to 2.5 pg chl a 1-' in newly upwelled water and 0.8 to 18.2 pg chl a 1-' in mature upwelled water in the Oudekraal kelp bed. Barlow (1982) recorded values of up to 27.7 pg chl a 1-' in aged upwelled water but values for mature and newly upwelled water, though slightly higher, are comparable to those recorded by HPLC. Thus it would appear that previous spectrophotometric estimates of kelp bed chlorophyll a concentrations are similar to those determined by HPLC. This is probably a result of the dynamic nature of the kelp bed system which ensures regular nutrient replacement for an actively growing phytoplankton population, and allows little time for chlorophyll degradation products to accumulate.
Chlorophyll a and the environment
The cyclical summer pattern of periods of southeasterly winds resulting in upwelling of cold nitraterich water followed by rapid phytoplankton growth (Fig. 4) has been demonstrated before (Andrews & Hutchings 1980 , Field et al. 1980 , Brown 1981 , Carter 1982 , Brown 1984 , Brown & Field 1986 , although there has been no proper time series analysis of the physical and biological events occurring in a typical west coast kelp bed. Time series analysis showed that upwelling occurred rapidly after the onset of southeasterly winds, a reduction in sea temperature lagging the positive longshore wind component by 1 d. The southeasterly winds also appeared to significantly reduce the swell height after a day. It is of interest that chlorophyll a concentrations were positively correlated with the upwelling index of 5 d previously. Fig. 4 shows that pulses of southeasterly winds lasted ca 5 d (see also Andrews & Hutchings 1980 , Field et al. 1980 ) during which time phytoplankton is continually removed from the kelp bed by offshore water movement. Chlorophyll a peaks would therefore coincide with the relaxation of the upwelling cycle. Daily summer chlorophyll a concentrations were also positively influenced by swell height, probably because of increased nutrient mixing, and the resuspension of settled phytoplankton by larger waves. The positive correlation between chlorophyll a and the sea temperature of the previous day may be a reflection of more rapid phytoplankton growth taking place at elevated temperatures.
During winter, swell height appeared to be the dominant environmental factor, large waves being negatively correlated with both sea temperatures and chlorophyll concentrations 2 d later. Temperature might be lowered by increased mixing with colder bottom waters during periods of larger waves but it is not clear why this effect would take 2 d to appear. The large winter swells (Fig. 5C ) disturb bottom sediments and fragment the kelp fronds, thereby greatly increasing turbidity. The reduction in chlorophyll a concentrations after 2 d may well be the result of phytoplankton senescence induced by reduced light penetration.
Wulff & Field (1983) modelled the kelp bed system and predicted that under continuous downwelling, phytoplankton would form 93 % of the particulate matter in the kelp bed. When strong onshore northwesterly winds blow, downwelling is continuous. However, Fig. 5A, E shows that chlorophyll a concentrations in the water were low (ca 1 pg 1 ) during these periods, while particulate carbon levels were fairly constant (Fielding & Davis 1989) . It is therefore unlikely that phytoplankton forms as much as 93 % of the particulate load during constant downwelling, and macroalgal particulates and resuspended detritus probably comprise a considerable proportion of the carbon source.
Other pigments in particulate material Phaeopigments. Clearly there was a large discrepancy in phaeopigment concentrations measured by the Lorenzen (1967) (Loftus & Carpenter 1971) . Conventional spectrophotometric estimates of bulk phaeopigments (Lorenzen 1967 ) appear also to be overestimates. This can be partly explained by the presence of chlorophyll b in some of the samples (Holm-Hansen 1978) .
Phaeopigment concentrations in marine waters have been used to assess the impact of zooplankton grazing on phytoplankton populations (Daley et al. 1973 , Jeffrey 1974 , Shuman & Lorenzen 1975 , Boyd et al. 1980 , Dagg & Wyman 1983 , Gieskes & Kraay 1986b . In the kelp bed system, phaeophorbide occurred infrequently ( Table 3 ) and phaeophytin a concentrations were low ( Table 2 , Figs. 6B & ?B) . This would seem to indicate a low level of zooplankton grazing on the phytoplankton present in the system. However, along the Cape west coast, high zooplankton concentrations are consistently present close to the coast. Strong upwelling may result in temporarily low numbers but recolonization of upwelled water is relatively rapid and zooplankton grazing can account for 13 to 30% of daily potential phytoplankton production (Hutchings 1988) . Significant phaeopigment levels would therefore be expected in the inshore waters. Water movement in and out of the kelp bed system (Field et al. 1980 ) would preclude any chlorophyll decomposition product build-up, resulting in low phaeopigment values. In addition, phaeopigments may be rapidly photo-oxidised to colourless products in the strong light conditions of the Cape kelp beds (SooHoo & Kiefer 1982a, b) . It has also recently been shown that phaeopigments may not provide a n index of grazing pressure, or at best may provide a n index of only macrozooplankton grazing. Microzooplankton, which may form a n important component of marine food webs, can degrade chlorophyll and carotenoid pigments to colourless residues (Klein et al. 1986 , Burkill et al. 1987 , Barlow et al. 1988 .
Chlorophyllide a. Since chlorophyll a and chlorophyllide a have identical absorption spectra and are thus indistinguishable spectrophotometrically, this has important implications when algal biomass is assessed by this method, particularly where there are high concentrations of diatoms (Barret & Jeffrey 1964) or in places such as estuarine sediments where chlorophyll decomposition products may accumulate. Chlorophyllide a may be an indicator of senescent phytoplankton populations (Jensen & Sakshaug 1973 , Jeffrey 1974 , Hallegraeff 1981 , or copepod feeding (Gieskes & Kraay 1986b) . However, at present it is probably unwise to infer too much from chlorophyllide a concentrations since chlorophyllase, which hydrolyses chlorophyll a to chlorophyllide a, can be activated by phytoplankton harvesting techniques such as filtration, and this effect is more pronounced where diatom concentrations are high (Suzuki & Fujita 1986 , Jeffrey & Hallegraeff 1987 . In the dynamic kelp bed situation chlorophyllide a levels were generally fairly low (Table   2 , Figs. 6C & ?C) and HPLC and spectrophotometric chlorophyll a determinations did not differ greatly. However, in view of the filtration process employed during the sampling process, it is possible that chlorophyllide a concentrations shown in Figs. 6C & ? C are higher than those actually present in the water column. It is of interest that chlorophyllide a and chlorophyll a concentrations of the same day were significantly correlated in both summer and winter, and that chlorophyllide a concentrations were somewhat higher in winter when diatoms were more prevalent, than in summer. This may be an indication of chlorophyllase hydrolysis of chlorophyll a, activated by the filtration process.
Fucoxanthin. Fucoxanthin is a pigment characteristic of the Bacillariophyta and Phaeophyta (Morris 1971 , Parsons et al. 1984 . This pigment was much more common in winter than in summer (Figs. 6D & ?D) and the mean winter concentration was considerably higher than that of summer (Table 2 ). In addition, daily fucoxanthin and chlorophyll a concentrations were highly correlated in winter but not in summer. Kelp fragmented by large winter waves undoubtedly is a component of the particulate material at this time, but the differences in both the occurrence and concentrations of fucoxanthin in summer and winter suggest that during the sampling period, even during blooms resulting from upwelling, summer phytoplankton populations were frequently not dominated by diatoms. Chlorophyll c, also characteristic of the Bacillariophyta and Phaeophyta, was also very much more common in winter than in summer samples, while the reverse was true for chlorophyll b found in the Chlorophyta, Prasinophyta and Euglenophyta (Table 3 ). The reduced wave action in summer (Fig. 4C) would not have favoured fragmentation of the understorey green macrophytes, and the chlorophyll b was therefore probably from the phytoplankton component of the particulate material. This provides strong evidence that the winter particulate resource was comprised mainly of diatoms and brown algal particles, and was qualitatively different from the summer particulate resource.
Phytoplankton blooms following summer upwelling along the Cape west coast have been considered diatom dominated (Field et al. 1980 , Barlow 1982 , Oliviera 1983 , Brown & Field 1985 . The 52 d of summer sampling in t h s study included 5 periods of strong upwelling (Fig. 4A, B ), yet diatoms appeared to be a major phytoplankton component in winter rather than in summer. Further HPLC analysis of kelp bed particulate material is required to determine the importance of the green algae in phytoplankton blooms. Spectrophotometric measurements used to determine kelp bed chlorophyll concentrations to date (Field et al. 1980 , Brown 1984 , Brown & Field 1985 have not examined chlorophyll b concentrations. The green algae may form a n important component of phytoplankton communities (Gieskes & Kraay 1983 , Klein & Sournia 1987 , particularly as microzooplankton grazers, which form an integral part of the kelp bed food web (Linley & Newel1 1981 , Lucas et al. 1987 , have been shown to actively select green algae rather than diatoms when grazing (Burkill et al. 1987) .
